We investigated the cellular mechanisms that led to growth inhibition, morphological changes, and lysis of Bacillus cereus WSBC 10030 when it was challenged with a long-chain polyphosphate (polyP). At a concentration of 0.1% or higher, polyP had a bacteriocidal effect on log-phase cells, in which it induced rapid lysis and reductions in viable cell counts of up to 3 log units. The cellular debris consisted of empty cell wall cylinders and polar caps, suggesting that polyP-induced lysis was spatially specific. This activity was strictly dependent on active growth and cell division, since polyP failed to induce lysis in cells treated with chloramphenicol and in stationary-phase cells, which were, however, bacteriostatically inhibited by polyP. Similar observations were made with B. cereus spores; 0.1% polyP inhibited spore germination and outgrowth, and a higher concentration (1.0%) was even sporocidal. Supplemental divalent metal ions (Mg 2؉ and Ca 2؉ ) could almost completely block and reverse the antimicrobial activity of polyP; i.e., they could immediately stop lysis and reinitiate rapid cell division and multiplication. Interestingly, a sublethal polyP concentration (0.05%) led to the formation of elongated cells (average length, 70 m) after 4 h of incubation. While DNA replication and chromosome segregation were undisturbed, electron microscopy revealed a complete lack of septum formation within the filaments. Exposure to divalent cations resulted in instantaneous formation and growth of ring-shaped edges of invaginating septal walls. After approximately 30 min, septation was complete, and cell division resumed. We frequently observed a minicell-like phenotype and other septation defects, which were probably due to hyperdivision activity after cation supplementation. We propose that polyP may have an effect on the ubiquitous bacterial cell division protein FtsZ, whose GTPase activity is known to be strictly dependent on divalent metal ions. It is tempting to speculate that polyP, because of its metal ion-chelating nature, indirectly blocks the dynamic formation (polymerization) of the Z ring, which would explain the aseptate phenotype.
Inorganic polyphosphate (polyP) is a food additive that is widely used (especially in the meat and dairy industry) to protect flavor and increase yields and because of its waterbinding capacity and emulsification properties. polyP is generally recognized as safe. Inhibition of microbial growth by polyP has been the subject of numerous investigations (24, 29) . In general, gram-positive bacteria appear to be more sensitive than gram-negative organisms. Still, our knowledge of the basis of the antimicrobial activity of polyP is limited; the ability of polyP to chelate cations is regarded as being responsible for the observed inhibitory effects (11, 13) . Lee and coworkers (15, 17) found that certain polyP had a lytic effect on Staphylococcus aureus and concluded that the macromolecules bind to the cell wall, remain bound, and chelate structurally essential metals, which then destabilizes the cell wall and leads to lysis. In contrast, other investigators observed that hexametaphosphate had only a bacteriostatic effect on S. aureus and hypothesized that polyP triggers leakage of magnesium from cells, loss of osmoregulation, and membrane damage (21, 22) .
The objective of the present study was to investigate the mechanism of polyP inhibition in more detail. The long-chain polyP used in this study was previously shown to have inhibitory effects on sporeformers and a range of other gram-positive organisms in liquid cultures and processed cheese (18) . Here, we used Bacillus cereus as a model organism; this bacterium is an important food-related, toxin-producing, gram-positive sporeformer which was as sensitive to polyP inhibition as various clostridia were (18, 20) . We found that higher polyP concentrations are bacteriocidal and cause immediate cell lysis, whereas sublethal concentrations affect septum formation, which results in the formation of filamentous, aseptate, multinucleate cells. Septation and division resume immediately after exposure to divalent cations. Our findings suggest that polyP has an indirect effect on the general division machinery of cells, the Fts protein family.
MATERIALS AND METHODS
Bacterial strains, spores, and culture conditions. B. cereus WSBC 10030 (Weihenstephan Bacillus Collection) was used in all experiments and was cultivated in plate count media (per liter: 5 g of peptone, 2.5 g of yeast extract, 1 g of glucose) with shaking. Solid medium for agar plates was supplemented with 1.5% agar. The incubation temperature was always 30°C. Spores of B. cereus were produced in liquid culture, in which the organism sporulated very well within 4 days. Spore suspensions were centrifuged, washed five times with ultrapure water (Milli-Q; Millipore, Bedford, Mass.), and stored at 4°C. Before spores were used, they were heat shocked (80°C, 10 min) to inactivate any residual vegetative cells and to induce germination.
Chemicals. A commercially available, food grade, long-chain sodium polyphosphate glassy (JOHA HBS; 69.0% Ϯ 1% P 2 O 5 ; white powder; pH in solution, 6.4 Ϯ 0.5; BK Giulini Chemie GmbH, Ladenburg, Germany) was used in this study. A 10% (wt/vol) stock solution was prepared in ultrapure water, adjusted to pH 6.8 with 1 M NaOH, autoclaved for 15 min at 121°C, and stored at 4°C for up to 4 weeks. Metal cations were prepared as 1 M MgCl 2 ϫ 6H 2 O and 1 M CaCl 2 ϫ 2H 2 O stock solutions, which were sterilized by filtration through a 0.2-m-pore-size polyethersulfone membrane.
Lytic activity of polyP. A 4-h exponentially growing B. cereus culture (optical density at 600 nm [OD 600 ], approximately 0.2) was harvested by centrifugation (6,000 ϫ g, 10 min), washed twice, and resuspended in 50 mM Tris (pH 7.5). Lysis of the cells after different concentrations of JOHA HBS were added was monitored by recording the OD 600 with a dual-beam spectrophotometer (model 550-SE; Perkin-Elmer). The control cell cultures contained no polyP.
Influence of cations. To determine the influence of divalent metal cations on lysis, 0.1% polyP was added to washed log-phase B. cereus cells. After 30 min, different final concentrations of cations (1, 5, and 10 mM Mg 2ϩ ; 1 mM Ca 2ϩ ) were added to samples. It should be noted that addition of higher concentrations of Ca 2ϩ (Ͼ3 mM) to polyP-containing solutions resulted in increases in optical density due to a white, insoluble calcium polyP precipitate, which interfered with optical measurements.
Influence of protein synthesis inhibitors on lysis. To investigate the influence of protein synthesis inhibitors on polyP-induced lysis, a log-phase culture was supplemented with 70 g of chloramphenicol per ml 20 min before the cells were harvested and washed. The lytic effect of 0.1% polyP on these cells was measured spectrophotometrically as described above. The control contained no chloramphenicol.
Inhibition of spores. Three final concentrations (0.05, 0.1, and 1%) of JOHA HBS were evaluated to determine their effectiveness in inhibiting the germination and outgrowth of B. cereus spores in liquid culture. Four samples (50 ml of plate count broth) were inoculated with spores (final concentration, 2 ϫ 10 6 CFU/ml), polyP was added (the control contained no polyP), and the suspensions were incubated at 30°C. Cell counts (CFU per milliliter) were determined at different times (0, 2, 4, 6, 10, and 24 h) by surface plating decimal dilutions and by incubation for 24 h.
Differentiation between bacteriostatic and bacteriocidal effects. In order to distinguish the bacteriocidal effect of polyP from a bacteriostatic effect of polyP, viable cell counts of B. cereus cultures that were in different growth phases and were treated with 0.1% JOHA HBS were determined. Six 50-ml portions of broth were inoculated with 10 5 CFU/ml. After 0, 2, 4, 6, and 24 h, 0.1% JOHA HBS was added to each sample, the cultures were incubated, and the viable cells were enumerated by plating at different times. To determine if the bacteriostatic effect could be reversed, 5 mM Ca 2ϩ and 5 mM Mg 2ϩ were added to cultures which had been preincubated with 0.1% JOHA HBS for 24 h, and the increases in viable cell number were monitored by surface plating for the next 8 h.
Resumption of cell division in filaments. Resumption of cell division was induced after 4 h by adding 5 mM Ca 2ϩ . Reinitiated septum formation and the subsequent decay of the filaments were monitored continuously by phase-contrast microscopy. The influence of protein synthesis inhibitors on septation was tested as follows. A 50-ml suspension of filamentous cells in broth was divided into two batches; one batch was supplemented with chloramphenicol (70 g/ml), and the other was supplemented with calcium (5 mM). After 20 min of incubation, 5 mM calcium were added to the first batch and chloramphenicol was added to the second batch.
DAPI staining. DNA replication, nucleoid formation, and separation within the filamentous cells were detected by staining preparations with the fluorescent dye DAPI (4Ј,6-diamidino-2-phenylindole dihydrochloride; Boehringer, Mannheim, Germany). Cell samples taken at different times (2 h after 0.05% polyP was added; 1 and 3 h after 5 mM Mg 2ϩ was added) were heat fixed on glass slides and incubated with 30 l of a DAPI solution (0.5 g/ml in phosphate-buffered saline [PBS]) for 10 min at 4°C in the dark. The samples were rinsed twice with ultrapure water and observed with an Olympus model BH-2 epifluorescence microscope equipped with a 365-nm excitation filter and a 460-nm emission filter. Fluorescence and phase-contrast micrographs (magnification, ϫ1,000) of the same field were taken with Kodak Panther ETH P1600 slide film.
Determination of cell length by scanning electron microscopy. Samples (1 ml) of the elongated Bacillus cells were taken at different times, washed twice in PBS, and prefixed in 5% glutaraldehyde for 12 h at 4°C. Cells were then collected by centrifugation, washed in PBS, and treated for 1 h with 2% osmium tetroxide. Specimens (10 l) were air dried onto glass coverslips and mounted on aluminum specimen stubs. After sputter coating with a Pd-Au alloy (40:60), cells were examined with a scanning electron microscope (Stereoscan 360; Cambridge Instruments, Cambridge, United Kingdom). About 50 cells per sample were measured, and average cell lengths were calculated.
Transmission electron microscopy. Samples of filamentous cells and cells exhibiting septum formation after cations were added were fixed for 4 h with 5% glutaraldehyde and subsequently stained with 2% osmium tetroxide for 1 h. A previously described method (34) was used to prepare longitudinally oriented cells. Fixed cells were resuspended in molten 2% agarose and immediately centrifuged in small plastic tubes, each of which contained a solid drop of agarose in the bottom. After solidification, the upper part of the agarose containing the sedimented bacteria was cut into small cubes, which were dehydrated in ethanol and embedded in Spurr resin (30) . Thin sections of the polymerized resin blocks were obtained with an ultramicrotome (Ultracut; Reichert & Jung, Vienna, Austria) and placed on Formvar-coated copper grids (200 mesh). A Zeiss model EM 10 electron microscope was used for examination; the acceleration voltage used was 60 kV. Figure 1A shows the lysis of log-phase B. cereus WSBC 10030 cells under the influence of JOHA HBS. Cells lysed rapidly in a 0.1% polyP solution, whereas no lysis was observed in the control. In contrast, stationary-phase cells challenged with polyP did not lyse (data not shown). Increased concentrations of polyP led to accelerated lysis; the initial OD 600 was reduced approximately 20% by 0.01% polyP in 1 h, whereas 0.05 and 0.1% polyP resulted in reductions of 50% and more than 90%, respectively. Examination of the cultures after lysis by phase-contrast microscopy revealed that the cellular debris consisted of empty cell sacculi with almost complete cell wall cylinders, most of which were open in the polar regions or the septum (data not shown).
RESULTS

Lytic effect of long-chain polyP.
Influence of cations and protein synthesis inhibitors on lysis. Lysis could be effectively stopped by adding divalent cations (Fig. 1B) . When 10 mM Mg 2ϩ was added to a cell suspension in which lysis had been induced, the decrease in OD 600 (cell wall destruction) stopped immediately. Lower cation concentrations only delayed the lysis effect, which was most probably a concentration-dependent titration effect and, therefore, directly proportional to the polyP concentration used. Similar results were obtained when calcium cations were used. Preincubation of exponentially growing cells with chloramphenicol completely prevented polyP-induced cell lysis (Fig. 1A) , which indicated that protein synthesis is required for polyP-triggered lysis.
polyP inhibits spore germination. Figure 2 shows that not only was polyP effective against vegetative cells, but spores were also affected. Lower concentrations of JOHA HBS (0.05 and 0.1%) completely inhibited outgrowth of Bacillus spores. A higher concentration (1%) even had a sporocidal effect; the spore concentration (initial inoculum, 2 ϫ 10 6 CFU/ml) decreased to less than 10 5 CFU/ml within 8 h. In polyP-containing samples, no vegetative cells were detected by phase-contrast microscopy. We also observed that compared to the control, a significant portion (approximately 10%) of the phase-bright spores remained phase bright during incubation, indicating that the influx of water associated with germination events was inhibited. polyP has a bacteriocidal effect and a bacteriostatic effect. The qualitative effects of polyP on viable cells in liquid broth cultures were determined in order to distinguish between a bacteriocidal (lethal) effect and a bacteriostatic (transient inhibition) effect. Our results indicate that a polyP concentration of 0.1% or higher had a bacteriocidal effect, which was dependent on the growth phase (Fig. 3A) . The most rapid decreases in number of viable cells were observed in log-phase cultures; the cell counts decreased by approximately 3 log units within 6 to 8 h. In contrast, stationary-phase cells (24-h culture) were not significantly affected. It was interesting that approximately 0.1 to 1% of the cells that were initially present were not killed by polyP. Although these cells exhibited no growth in liquid cultures containing otherwise lethal concentrations of polyP, they could be enumerated by colony formation after they were plated onto noninhibitory solid media, which indicated that polyP had a bacteriostatic effect on nondividing cells. Addition of divalent cations to the surviving CFU in a polyP-treated culture could reverse this bacteriostatic effect, and this was followed by a very rapid increase in the viable cell count (Fig.  3B) . The generation time in the normally growing Bacillus cultures was estimated to be approximately 28 min, whereas the sudden increase in CFU after calcium was added revealed that the apparent doubling time was only 20 min.
polyP can induce filamentation. Addition of a sublethal concentration of polyP (0.05%) to log-phase cultures of B. cereus led to macroscopically visible aggregates of long, filamentous cells within 2 to 3 h (Fig. 4) . This effect was strictly dependent on the polyP concentration. As stated above, higher concentrations (concentrations higher than 0.1%) completely inhibited cell growth and led to cell lysis, whereas very low concentrations (concentrations less than 0.03%) had little effect on cell growth or cell elongation (i.e., normal growth occurred). The cell elongation events were quantified by measuring individual cell lengths by scanning electron microscopy, and 
Mg
2ϩ ) were added, rapid and dramatic morphological changes in the filamentous cells were observed. Phase-contrast microscopy revealed that cell division resumed almost instantaneously, which led to separation of each filament into three or more individual cells of different lengths within 30 to 60 min (Fig. 5B) . The daughter cells then divided normally, and after 3 h only normal-length viable cells were present in the samples.
To further confirm that polyP specifically inhibited cell division events, DAPI-treated samples were examined by epifluorescence microscopy (Fig. 6 ). DAPI interacts with doublestranded DNA, making separated nucleoids visible as brightly stained objects within dark cell bodies. In normally growing cultures one or two discrete nucleoids were present in each cell, depending on the cell cycle, whereas the filament-forming cells in polyP-treated samples contained multiple discrete nucleoids (Fig. 6A) . Apparently, DNA replication and chromosome segregation were not disturbed; the daughter nucleoids were distributed over the whole lengths of the filaments, with equal distances between them. After cations were added, septation and cell division resumed (Fig. 6B) , which eventually resulted in single, short cells with one or two nucleoids (Fig.  6C) .
Fine structure of septation-blocked filamentous cells. Convincing evidence that polyP causes a defect in septum formation was obtained by transmission electron microscopy, which was carried out by using samples of polyP-treated cells and cation-supplemented filaments collected at different times. Figure 7 shows that septation was completely arrested after polyP was added; there was a total lack of invaginating septum formation at either the midcell region or the polar region, and no cell wall indentations or other signs of division initiation were observed. The nucleoids in the cells were visible and clearly separated. There were no other obvious differences in the appearance of the cell wall, the membrane, or other cellular structures between normal and polyP-treated cells. Figure 8A shows the events that occurred almost immediately (10 min) after metal ions added to filamentous cells. Septation resumed, which was clearly visible as ring-shaped invaginating edges of septal walls within the cell bodies. After 30 to 45 min (Fig. 8B) , septation was complete, cells were beginning to divide, and the next round of ring formation and septum building had already started. While most septa were correctly initiated with normal distances between them, we quite frequently observed aberrant septum formation in filaments to which cations were added (Fig. 9) . Occasionally, two cross walls were initiated simultaneously very close to each other. Other malformations included forked Y-shaped septa, incomplete septa without opposite edge formation, multiple septa, and very short, minicell-like segments, which were formed at various positions within the long filaments.
DISCUSSION
The results of the present study clearly show that the longchain polyP JOHA HBS has a concentration-dependent antimicrobial effect on cells of B. cereus. Higher concentrations lead to cell lysis and have bacteriocidal and bacteriostatic effects, and sublethal concentrations inhibit cell septum formation, resulting in filamentous cell growth. These effects are dependent on the growth phase of the cells. Lethal concentrations of polyP resulted in direct lysis of growing cells, whereas stationary-phase (resting) cells were not affected. The remaining cellular debris consisted of empty cell wall cylinders and polar caps, which was the first indication that polyP-induced lysis is spatially specific. Our observation that lysis could be effectively prevented by divalent cations confirmed the previous finding that addition of free Mg 2ϩ can overcome the inhibitory effect of polyP on B. cereus (13) . Lysis could also be hindered by the translation inhibitor chloramphenicol. These results showed that the lytic action associated with polyP involves interactions with cations and clearly suggested that cation-dependent enzymatic reactions, which should be cell wall associated and should occur only in growing cells, are involved.
The lethal effect of higher doses of polyP was confirmed by the results of the plating experiments, which indicated that polyP has a bacteriocidal effect. Although the viable cell counts in growing Bacillus cultures could be reduced by about 3 log units, complete killing of the culture was not possible. Presumably, the surviving cells were not actively growing and, therefore, were only bacteriostatically inhibited and remained viable. We also found that higher concentrations of polyP resulted in injury and inactivation of Bacillus spores; outgrowth of germinated spores was completely blocked. A similar effect due to the action of a chelating compound has been reported for EDTA, which had an inhibitory effect on the outgrowth of B. cereus spores (7) . Growth inhibition could also be reversed by adding cations. These previous findings primarily implicated nutritional deficiencies created by chelation of essential metal cations, which then affected outgrowth.
In addition to the lytic, bacteriocidal effects of higher JOHA HBS concentrations, sublethal (i.e., nonlytic) concentrations had a surprising effect on growing cells of B. cereus. In the presence of 0.05% polyP, normal rod-shaped cells (length, 3 to 5 m) transformed into long, filamentous cells (which were 4-to 10-fold longer). Addition of divalent cations led to rapid decay of the filaments into three or more viable cells, which explains the very short apparent doubling time observed (Fig.  3B) .
The supposed mechanism of polyP-mediated growth inhibition and cell lysis certainly involves the sequestering of cations by polyP (9, 29, 36) . polyP molecules are polyanionic macromolecules and are fairly strong chelating agents (10) . It has been were proposed that they interact with the divalent cations localized on the cell surface and make them unavailable to the cell (15) . Cations can overcome this effect and have been shown to be able to stop polyP-induced lysis (2, 16) . One previous hypothesis was that other essential, sequestered cations were released during the process; i.e., cations with high stability constants (such as Ca 2ϩ and Mg 2ϩ ) may displace other polyP-chelated cations and make them "reavailable" for bacterial utilization (11, 13) . An important finding (obtained by using S. aureus as a model organism) was that polyP molecules bind to the bacterial cell wall, chelate metals, and remain bound without a significant release of metal cations into the surrounding medium (17) . None of the previous studies, however, was able to determine the identity of the actual effector in the bacterial cell. Since the phenotypic effects of polyP challenge are very similar in various microorganisms, we suggest that at least filamentous cell growth and lysis of growing cells should be considered the results of very similar mechanisms and events in different bacteria.
Our study showed that synthesis of the lateral cell wall, DNA replication and segregation, and other essential physiological processes in polyP-treated cells did not seem to be affected by polyP. Instead, the data presented here clearly indicate that polyP blocks septation, probably via cellular proteins involved in an early stage of cell division. One early event in bacterial cell division is the formation of the so-called Z ring. The major division protein responsible, FtsZ, is highly conserved, has been found in all eubacteria investigated so far, and seems to be essential for cell division in all procaryotes. It forms a dynamic ring structure at the future division site. The Z ring "contracts" during cell division while it maintains a position at the leading edge of the invaginating septum (5, 19, 31) . Most importantly, FtsZ exhibits a strictly Mg 2ϩ -dependent GTPase activity (28) , and Mg 2ϩ and Ca 2ϩ are required for the GTPdependent dynamic behavior of FtsZ polymers (25, 35) . If the data described above are considered along with our observations, it seems quite reasonable to speculate that these strictly metal ion-dependent proteins involved in septation and cell division might be the (indirect) key targets for polyP. In other words, polyP binds to the bacterial cell wall and, by means of its sequestering nature, probably creates an acute metal cation deficiency. This could then block the GTPase activity of FtsZ and prevent growth and extension of the leading edge poly- mers in the Z ring. Our finding that exogeneous addition of an excess of divalent metal cations resulted in instantaneous septum formation, which then caused hyperdivision activity (displayed as a minicell-like phenotype), is identical to what was observed in ftsZ-overexpressing Escherichia coli (32) . This suggests that FtsZ is present in polyP-treated aseptate cells but its dynamic assembly is temporarily blocked due to inhibition of the GTPase activity. Our hypothesis that inhibition of Fts proteins may be responsible for the polyP-induced filamentous phenotype is also supported by other, related findings. FtsZ-minus mutants of E. coli form multinucleate, filamentous cells (1), and it is known that Fts-defective, temperature-sensitive mutants of Bacillus subtilis also display a filamentous phenotype at restrictive temperatures (8, 23) . Septum formation in multinucleate filaments can be reinitiated when filaments are returned to permissive temperatures, but recovery can be blocked by inhibitors of protein synthesis (6) . This is in excellent agreement with our observations.
polyP has yet another property that could support the theory outlined here. Due to its polyanionic nature, polyP readily interacts with basic proteins and with basic domains of proteins, such as those in polymerases or nonhistone nuclear proteins (14, 26) . Inspection of the B. subtilis FtsZ amino acid sequence (4) revealed that is has a predicted acidic pI of 4.7. However, the C-terminal 80 amino acids consist of a highly charged, very basic domain with a predicted pI of 10.1, which could possibly interact with and bind to polyP molecules. With respect to the GTP-hydrolyzing activity of FtsZ, it is known that the guanosine pentaphosphate hydrolase of E. coli has an affinity for polyP via its polyphosphatase domain (12) .
It should be noted, however, that the absence of other proteins of the Fts family also resulted in filamentous bacterial cell morphology (e.g., in the case of FtsA [3] or FtsI [27] ). FtsI is also known as penicillin-binding protein 3 (PBP-3), and filamentous cell growth can be induced with FtsI-specific ␤-lactam antibiotics. However, unlike FtsZ, these other Fts proteins are not known to be dependent on divalent cations. Moreover, our micrographs of B. cereus filaments did not reveal any indentations along the cell wall, indicating that the Z ring was not yet formed. FtsA localizes at a future division site after the ring has been established (33) . Therefore, we concluded that the divalent cation-dependent GTPase activity of the bacterial septum-directing division protein FtsZ is the most likely candidate target for polyP and is responsible for the observed aseptate phenotype. A recently described in vitro assay used to analyze the polymerization and assembly of FtsZ by light scattering (25) in the presence of different concentrations of polyP may provide a way to directly test our hypothesis in an inhibition assay.
A similar mechanism might be postulated for other grampositive organisms (e.g., Clostridium, Staphylococcus, and Listeria species) which exhibit polyP-mediated growth inhibition accompanied by cell elongation and changes in cellular morphology (15, 18, 20, 36) .
